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SUMMARY 


'^ rc / rt y 



TTie NASA Long Duration Exposure Facility (LDEF) enabled the exposure of a wide 
variety of materials to die low Earth orbit (LEO) environment This paper provides a summary of 
thff^ Ch - conducted at the Langley Research Center into the response of selected LDEF polymers to 
^lirinnTlT" t Matenal is examined include graphite fiber reinforced epoxy, polysulfone, and 
additiona 1 polyimide matrix composites, films of FEP Teflon, Kapton, sever J experimental high 

nnlvVwpn? P r? yimideS ; and . films of more traditional polymers such as poly(vinyl toluene) and 
polystyrene. Exposure duration was either 10 months or 5.8 years. 7 ’ 

inri.iH,™ lg w andc ° nfr0 [specimens were characterized by a number of analytical techniques 

Annina f 1 'I 10 e S,b e and mfrared , thermal analysis, scanning electron and 

selected g sotro ^r; SC ° Py ’ *' ray P ho ^f lectron spectroscopy, and, in some instances, 
selected solution property measurements. Charactenzed effects were found to be primarily surface 

Sltr^detlnd^Sfd^r T ,n f cluded at ° mic oxygen-induced erosion of unprotected surfaces and 
ultraviolet-induced discoloration and changes in selected molecular level parameters. No gross 
changes m molecular structure or glass transition temperature were noted P 8 

The intent of this characterization is to increase our fundamental knowledge of space 

e f feCtS aS ? ai< ? m devel °P in g new and improved polymers for space application A 
secondary objective is to develop benchmarks to enhance our methodology for the ground-based 

predicted 11 of environmentaI effects so that polymer performance in space can be more reliably 


1.0 INTRODUCTION 


the N a J/W 6 lT nth J 0W c Earth orbl ^LEO) flight and subsequent January 1990 return to Earth of 
the NASA Long Duration Exposure Facility (LDEF) provided a novel opportunity for the aerospace 

t ° exa ™ n . e the effec ts of long-term space exposure on a variety of materials. The saga of 

articST Sf Th^n 1 t 1S C T? in u 8 10 unfo i d throu 8 h a series of symposia, workshops, and journal 
f the cio ’ be * ton satedlte shown m Figure 1 contained 57 experiments to assess the effects 

much as 90^ e nfn° n f ien /h 0n ^ tena J s » llvin S matter, and various space systems (6). Perhaps as 
and its contents^) 1 flISt ~ hand know edge of LEO space environmental effects rests with the LDEF 
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simulation of those effects so that polymer performance m space can be more re ra y pr 

Initial nlannina for the chemical characterization of LDEF polymeric materials was guided by 

physical and mechanical effects, would be emphasized. 

providX^S^ 

^oK"^^i^Z a SLed^tiK^^ is given mdtis paper. A more 
complete data presentation can often be found in accompanying referenced reports. 


5.8 


2.0 EXPERIMENTAL 

Most materials identified in Table ffl were originally obtained from commercial sources. The 

polyimide films were synthesized in-house (24-26). 

Er,rv« environmental exposure 
parameters are included with Figures 1 and 2. 


2.1 Instrumental Methods of Analysis 


Thermal analvses were conducted using a DuPont 9900 Computer/Thermal Analyzer to 

^^"mpeSme f? “^t^rpSSJtio^K^gram 

Transform Infrared System (FTIR) using a diffuse reflectance NAG 1-1186 at the Virginia 

SnectroscoDV (XPS) measurements were conducted under NASA Grant NAG 1 ® 

tK S urface Analysis Laboratory, VPI&SU, Blacksburg, VA. Measurements were made on a 
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Pe rl^-Elmer PHI 5300 Spectrometer equipped with a Mg Ka x-ray source (1253.6 eV), operating 
at 15 kV/120mA. Scanning Tunneling Microscopy (STM) was performed in air on a NanoScope II 
instrument (Digital Instruments, Inc., Santa Barbara, CA) using a tungsten tip and G-Head 
accessory. Specimens were prepared by coating with 5-7 nm of gold-palladium using a Hummer IV 
sputtering system (Anatech, Ltd., Alexandria, VA). Transmission Electon Microscopy (TEM) 
analyses were conducted under NASA Contract NAS1-19656 at the Virginia Institute of Marine 
Science, Gloucester Point, VA. A Cambridge StereoScan 150 (Cambridge Instruments, Deerfield, 
IL) equipped with an EDAX S150 detecting unit (ED AX International, Inc., Prarie View, IL) 
performed Scanning Electron Microscopy (SEM) analyses. Various photographic techniques were 
used to document specimen appearance. 


2.2 Solution Property Measurements 


^ eight measure ments for LDEF polystyrene specimens were determined on a 
„ l ters ^el ^S**®*"® Chromatograph (GPC) interfaced with a Viscotek (Viscotek Corn., 
orter, TX) Model 150R Differential Viscometer (DV). The general technique used to make these 
measurements has been previously described (28). Experiments were conducted in toluene at 40°C 
using a Waters 10 /10y 10 /10^A MicroStyragel HT column bank. The flow rate was 1.0 ml/min. 
A universal calibration curve was constructed using Polymer Laboratories (Polymer Laboratories, 
^ An ?^^ ) " aiTOW dls P ersit y polystyrene standards. Polyimide films were analyzed at 
35 C in 0.0075M LiBr m DM Ac. GPC-DV measurements on all polysulfone specimens were 
determined on a standard Waters Associates chromatograph at room temperature using a 
10 /10 / 10 /10 A MicroStyragel HT column bank. The solvent was chloroform. 


GPC sample solutions were prepared 1 day prior to analysis by dissolving specimens in the 
appropriate solvent. The soluble portion was filtered through 0.2 mm PTFE filters before injection 
into the chromatograph. Insoluble gel was decanted into fared beakers, rinsed several times, and 
allowed to dry for about 2 hours before placing in an oven at 100°C and drying to constant weight 
UPL sample concentrations were then adjusted to correct for removal of insoluble gel. Molecular 
weight parameters reported are averages obtained from two or three GPC-DV analyses. 


2.3 Mechanical Property Measurements 


a cttv/t aT CntS ° n 4 ^ ly com P°site tensile specimens were performed according to 

A5 1 M D3039-76. Test specimens were cut to standard dimensions and tapered end-tabs machined 
from epoxy/glass cloth were adhesively applied prior to integration onto the LDEF experimental tray. 
A detailed description of composite test specimen preparation and testing is given references 15, 22, 


3.0 RESULTS AND DISCUSSION 

A precise orbital orientation was achieved by the LDEF spacecraft. As a result, the 
environmental exposure a sample received often depended on where it was located on the vehicle 
Figure 1 depicts the spacecraft and its flight orientation. The 30 foot long by 14 foot in diameter ‘ 
gravity gradient stabilized structure had 12 sides or rows with 6 experimental trays per row. 
Additonal trays were mounted on the Earth and space-pointing ends (6). The location of polymeric 
materials in this report will be identified by Tray and Row. For example, B9 identifies a specimen 
from Tray B on Row 9. 
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run reinevcu m jauucujr ^ 

Figure 2 S ives .^ tiond . env “ 0 ^“ t £S^IllS hSSSyte foundeShere (30- 

.he vehicle i^due 

aX^Sou 5 SS XnvironXs may be found in several references (1, 3, 4, 6). 


3.1 Films 


The primary env * Sa^o°sion which generally 

fluorinated ethylene propylene (FEP) teflon t^mal * ™ d LD g F Blankets located near Row 
protection for 17 underlying experime y . , hiehlv sDecular. Figure 3 shows on- 

9 were opaque while blankets which illustrated phenomenon. The change 

AO fluence at various LDEF locanon, 

diffuse ^ 

^XrpTn^ (as), remained vureally constant The thermal emissiviry (e) was also vntuaUy 

unchanged. Titus, die a* parameter, which : that the 

SS53S«™-. analyses failed t0 

detect significant molecular structural changes in the bulk FEP po y t 1- 
The AO-induced erosior t of fflms has ^been 

^-mm^Pw'S sp|e -d of LDEF at H7. Tins tmen red 

«^^MSgSg5S=saS£“ 

this 10-month specimen. 

The roughened [surface ^ ra matically ^^t^ 
exposed film. Figure 6 gives before and a fte P re f erence The molecular structure of 

peStmtance polyimide films ( 19) ^ t0 " ZZ’ol Row 9 exposure and, thus, 

each polyimide is identified in Table IV. All 1 While some UV and AO degradation of the 

experienced the environment summarized m Figure 2d. While some uvana^w H 


The 
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polymer molecular backbone no doubt occurred, the decrease in transmittance with exposure is 
considered to be largely due to physical roughening of the film surface by AO. The uneven surface 
reriected and/or refracted the impinging radiation and, thus, less light was transmitted. 

Scanning Tunneling Microscopy (STM) has proven to be an effective tool for profiling the 
surface of space-exposed films. Figure 7 shows STM line plots for unexposed and exposed BTDA- 

^?n\ CX ^u SeC * BTDA-ODA-AP+ two high performance polymer films included in a previous 
study (19). The smooth surface shown in 7a is typical of that observed for other unexposed LDEF 
specimens. Minor undulations in the x-direction likely resulted from the drawing procedure used 
during casting when the film was doctored onto a glass plate. The egg-crate-like appearance of 

A 1S also l yp ical of the "Christmas tree" morphology observed for several other 
LUtt lams. The mechanism by which polymeric materials develop this conical shape upon 
exposure to AO is not adequately understood. VUV-induced surface crazing/crosslinking may plav a 
role m this phenomenon. y F y 


..„ T !? e BT pA-ODA-Al 3+ specimen shown in 7c also exhibited erosion but the appearance is 
different from that observed in 7b for the undoped film. An obvious conclusion is that aluminum 
ions had an effect on how the film surface responded to the LEO environment. A protective 
a ™ um phase may have formed with exposure. STM has provided insight into the erosion 
ot additional 10-month exposed Row 9 films (10). The technique could not be used on many 5.8- 
year exposed films on or near Row 9 because the specimens were too rough. The STM probe tip 
tended to "crash" with the irregular surface of these full-exposure samples. Ten month-exposed 
Row 9 films received approximately 2.6xl0 20 AO atoms/cm 2 while 5.8-year exposed Row 9 films 
received up to 8.99x 10 AO atoms/cm 2 . These results suggest the upper limit of directional AO 
exposure for characterization by the STM technique is intermediate between these two fluences. 

Transmission Electron Microscopy (1 EM) also proved to be an effective tool for 
characterizing AO erosion of polymer films. Figure 8 shows TEM photomicrographs of the five 
experimental polyimide films and Kapton. Prior to analysis, a segment of each film was cast into an 
epoxy potting resin, the resin cured, and then carefully microtomed. Irregular features emanating 
from the darkened films are artifacts of this potting procedure. A constant magnification was used 
tor all specimens in Figure 8. The righthand portion of each micrograph in the figure indicates the 
original thickness of each film. This portion was protected from direct exposure by an aluminum 
retaining template which held the films in place during exposure. The diminished film thickness due 
to AO erosion is noted by the lefthand portion. The PMDA-DAF film was partially eroded through 
1 he aluminum ion-containing film shows little effect at this magnification 


9 sh0WS three TEMs at Progressively higher magnifications for BTDA-ODA- Al3+. 
ihe 557 5X micrograph given in 9a clearly shows the smooth back and eroded front film surfaces 
the arrow to the left in the figure denotes the original uneroded surface. The textured morphology is 
clearly apparent in 9b and 9c. The survival of small strands of polymer in such a hostile 
environment, particularily as depicted in Figure 9b, is astonishing. 


3.2 Composites 


™ nA Unprotected composites were also affected by LEO exposure. Figure 10 shows the SEM of 
1 300 carbon fiber reinforced 934 epoxy matrix specimens for two exposures. The 10-month and 
5X-year samples were placed adjacent to each other in the SEM to enable simultaneous analyses, 
the left side, low magnification photomicrograph shows both exposed surface and surface protected 
from direct exposure by an aluminum retaining template. The fabric-appearing pattern visible in the 
micrograph was transferred to the composite surface by a glass cloth peel-ply during processing. 
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The rieht side photomicrograph shows a higher magnification SEM of exposed regions of two 
toSual carbon fibers apparent with the 10-month composite are no longer 

distinguishable after 5.8 years. 

Table V gives XPS data for control, 10-month, and 5.8-year TOW-934 epoxy composites. 
Surface carbon content increased in the first 10 months of exposure. This probably reflects 
increased carbon fiber content due to an initial preferential erosion of matrix resin. Oxygen an 
, fi _ dif i not aD near to change significantly. Fluorine on the control likely resulted from release 

SKesS Huoririe wa" not detected on exposed composites bemuse this outer 
See ^s erodld away by AO. The increased silicon content with exposure is no doubt due to a 
well-documented LDEF contamination to be discussed later. Additional chemical charactenzatio 
inchjdingFTIR, TMA, and DSC failed to detect significant differences between the two specimens. 

The loss of both resin and fiber is clearly illustn Med by _*e SEM [in Figrne 1 ^TMs [.gare 
gives photomicrographs at two magnifications for a 4-ply [+45 ] s 5208/T300 epoxy compos te 
whichreceived 5.8 years of Row 9 exposure. The righthand micrograph shows the inte 
between the top ply and the second ply in some detail. 

As expected the loss of fiber and matrix due to flight exposure affected selected mrchamcal 
rt i „ Figure 12 and Figure 13 give ultimate tensile strength and tensile modulus for five 
SB. experiment (15). 

between baseline values obtained when the composites ? s Sight contiol 

deterioration in tensile strength and tensile modulus. ty rale 

thW nhenomenon since the thickness loss was not proportional to the loss in tensile propones oy 
of rmxtures. The P1700/C6000 specimens lost least in thickness and retained more ultimate tensile 
strength than other specimens. No explanation for this has been found. 

PMR-15 and LARC™-160 are two state addition “ 

the earlv 1980's when LDEF experiments were being designed. Cehon 6000 graphite tiber 
Serf composites of these Jolymers were flown on a Row 1 and Row 7 experiment (33). 
S^SsofS wo material Jere made available of 

Fionre U summarizes selected analyses performed on a PMR-15/C6000 composite, inspection o 
the TMA dtermogram s^ggS no difference in Tg for control and exposed speomens Long-term 

isothermal weight loss also failed to detect significant effects ihreto ' given in 

unexposrf composite specimens were also examrned by DR-FUR spectroscopy. bpretra given 

Fieure 14 suggest little difference. A new absorption band at 1650cm 1 was anticipated for the 
ex|osed specimen. This band would have been indicative of oxrdation of » f “ * e 

of 

Sj^ctra of exposed and protected composite specimens are virtually identical. 

One of the unsolved mysteries concerning materials on LDEF were "stripes and/or gray 
ash" asS^nS epoxy matrix composites. This 1 

detail Figure 16 gives a photograph of a stuped 5.8-year exposed 934/T300 epoxy composite 
specimen and also S SEM photomicrographs of a sample of the gray ash. Projections rising fro 
composite surface were apparently caused by contamination protrctmg underlying material from AO 
3° Tte riSSLd photograph, obtained by overlaying three individual micrographs, shows 
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I 3 £ 32 S$ 3 r* shcared off by Aa The sray 38,1 in u " siWe at the base of the 

• . ^ lgur ®. 17 P[ ovi des additional information on the 934/T300 flight specimen The uDDer 
nghthand portion shows a high resolution SEM of the ash. The residue ap^L to contak cmtals 

? °. r e r O-lP 01 in diameter. EDS and XPS analyses on these crystals, given in Figure 17 
e :^ s f m J ° »» a significant component. This was an unexpected resul However sulfti is 

?„ e wTmfc„"S e <DDS) Curcd 

conLw soSefh^ni ^ S°kiT 7 c ° m P 0Sltes - The exact chemical nature of this sulfur- 
Qn^ mng s P e ^!® s has no f been established; sodium may be a counter ion. XPS data in Table V fnr 

rr^ZT Xy ^ s P^f lme ” *ow S no unusual sulfur content. Appiy WsTalys™ s na 
conducted on an ash-rich portion of the exposed composite. X 

m . Figure 18 contains information on a striped 5208/T300 epoxy composite Optical and SFM 

ZIT S7, at T ^ flgUre - 1116 Slightly “ “ s^ isT& S o E fa 

and d^rk arS S ftl 3 }”St Sp0t 8126 failed - t0 n0te signiflcant differences between white 
not S^uat^ y expS ^ C ° mp0S1,e bd,aVed differcn,ly &om ad j acem “** »as 

P? e composites addressed in this paper were uncoated materials. They were intentionally left 

S^su^ 

found to be^^tiv^npre^n^gT^are^de^’adation ( 17 )^ add “ ,0nal “ K>r8anic COad " gs Were 


33 Glass Transition Temperature 


Table VI summarizes glass transition temperature (Tg) measurements conducted on a eerie* 
?Ts7STS a l e S WhiCh **2 ° n LDEF al0ng with data oS rffC 

* “ 1 ~ f ° rp0lynKric “ ta 


3.4 Solution Property Measurements 


which ™ easur T entS . ha J ve been conducted on several polymeric materials 

SnaSTpnm L??, most fdensjvely stndted material is a themroplastic pilysulfone resta 
designated P1700. Both film and graphite fiber reinforced composites have been examiner! Tahi^ 

Se^dSe°evtot™ t08raPhy ‘ Dlffere " dal Viscomeay (GPC-DV). Several points concert 

SrHESS 

aUemolec^^&n 
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Mz) is evidence for chain scission plus crosslinking. Tins 

fromground-based simulation of space environmental effects on this material (34 38). 

Table VH also includes molecular weight data 

flown on Row 9 and exposed for 10 mo ” 1 s . ? r . * control composite while the 10 -month exposed 
molecular weight change wh ® n d ttends observed with the film sample. This potentially 

specimen suggests the same molecular leve ... ^ bit of spacecraft during its 

4asa , .ssasi's a '' ! “-“ 

Figure 20 is the approximate cumulative percent 

Exact AO exposure for these speciinrasis “ aminimum. The 5 . 8 -year specimens received 

exposed early m the mission when AO . rn® 0 f total AO was received during the last 

significant AO near the end of the mission. As ranch as 50% ot wtal au changes 

6 months in orbit. The molecular bv^e tiM ^e satellite wis retrieved. An 

in surface chemistry, had most ldtely been ?*“ y S , ]K subtractive FTIR 

earlier retrieval from a higher orbit tmy havr 5 P^tel^el rSSSe of P1700 film to LEO 
spectroscopy gave additional insight mto th ' "' . ^ uansmission studies, somewhat 

ensure. Since the LDEF specimen was too thick Tor good qnantjt nans refkctance (p R) . 

poorer quality spectra of control and ex P® s , P establish until they were subtracted. Figure 21 
Differences between the Wo l S fflm torn that of the exposed. A 

do"‘in°So“inSe Is indicate of a larger amount of a particular species in the 

exposed spectrum. 

The band centered around 3400cm- 1 is most likely due to -OH. Bands at 1485 j “| d |qh band' 

may also be associated with lhat .fJ u ,^, R '^S '"*3 m”v protons'! 37). Additionally, the loss of 
for polysulfone film exposed to UV (40) and also to 3 -MeVpmMs (3/)^ ^ ^ hav(J 

womd r " 2 d " n to 

the subtraction spectrum at 1385cm' 1 ; no band is present around 1385cm in Figure . 

The presence of -OH has been explained ° f 

St™enre , 0 p^uc b e y ^"ydtx? subsi.trf bipLyl linkage (36). We made no 
determination in this study of the origin of the -OH group. 

SSfS W^wmtlnSn^ 

Additional solution property measurements were conducted 
for 10 months on Row 9. The molecular s™"',' ' m*m”^°S*ydride posters were the 
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samples contained residual insoluble material. The insoluble gel was recovered by filtration and 
portion* C ° nStant weight Analyzed concentrations were then adjusted to account for the insoluble 

j. ° f da u 6 F-BDAF suggests that various molecular weight parameters were 

not affected by the 10-month LEO exposure provided by LDEF. In contrast, 6 F-DDSO 2 exhibited 
significant changes at the molecular level. Solubility decreased from 94 . 5 % to 60.9% with 
exposure. The number average molecular weight (M n ) remained fairly constant while the z-average 
molecular weight (Mz) doubled. Changes in the polydispersity ratio (M w /M n ) are also noted for this 
^ St; Jc h ^ Se observatlons ’ particularly solubility and M z behavior, are considered evidence that 

u u, ° 2 structure crosslinked during exposure. The z-average molecular weight (M z ) is 

Knr? 3 ne fi eCted P ^ e ^ r / 0r evaluating crosslinking in environmentally exposed polymers 
( 41 ) Figure 22 gives GPC-DV molecular weight distributions for 6F-DDSO2. They show the 
broadening with exposure and shift to higher molecular weight documented in Table IX The 
molecular weight distributions for control and exposed 6 F-BDAF were virtually superimposable. 

TTie change in molecular weight for 6 F-DDSO 2 is considered primarily a result of VUV damage to 
the -SO 2 - group in the polymer backbone. 0 


3.5 Additional Studies 


Polyimide-polysiloxane copolymers. The chemical characterization of a series of polyimide- 

WhlCh reCCived 10 months of Row 9 ex Posure also provided molecular 
level insight into LEO space environmental effects. Preliminary results obtained on these 

experimental matenals have been given in previous reports (10, 13, 18). In general, the films 
discolored somewhat with exposure but did not exhibit significant weight loss. SEM, STM and 
limited XPS data may be found in the referenced reports. 

f . g ^ es detailed XPS results for three different siloxane-containing copolymers. Data 

£*? \r exp ? sed 5® 1S ^eluded in the table. Several points are made concerning these 

ofvee^mnSn^N ? 86 / 0 carbon content with exposure and concurrent increase in surface 

o^com<*Note a S ° the u increase 111 slJlcon and that the silicon to oxygen ratio is about 1:2 
after exposure. Finally note the increase in the silicon 2 p electron binding energy with exposure 
from approx^ateiy 102 electron volts to 103 eV. This data is consistent lith thf foiling 
inteipretation. Upon AO exposure, the surface of these siloxane-containing copolymers eroded to 
pose silicon atoms. These atoms were initially present as an organically-bound silicon, as 
evidenced by the 102 eV binding energy. Upon exposure to AO, organic silicon (102 eV B E ) was 
oxidized to inorganic silicon ( 103 eV B.E.), most likely an Si02 typl of silicate. At this point, 
further AO erosion was retarded. Inorganic silicates are known to be effective barriers to AO 

hoT£!!' < observatlons suggest an exciting potential for designing AO protection into the 

backbone of certain polymers. This protection could likely be achieved by periodic incorporation of 
siloxane groups into the molecular structure of the host polymer. "corporation 01 

characteri^f FiS? Several materials which flew on a Row 8 experiment were 

cnaractenzed. Figure 23 summarizes selected information on one of these materials, an RTV-51 1 

content chan -£ EM reveal ? d t0 P?§ ra P h y typical of embrittlement. Surface carbon and oxygen 
S e ,?l Change ? W 5 h exposare but slhcon dld not. The 102.5 eV binding energy for this element for 
both unexposed and exposed specimens suggests no change in chemical state of Si with exposure. 
Thermogravimetric analysis included in Figure 23 revealed that the exposed sample exhibited 2 - 3 % 
less weight loss prior to decomposition than the unexposed sample. Apparently the flight sample 

had outg^sed low molecular weight species while in space. This phenomenon no doubt contributed 
to the general contamination observed on the LDEF spacecraft 
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surfhceSTS'S v^—0 

side was vented to the inside of die experiment Tray. PP contro i contained no silicon. 

1ES 

silicone. 

Z “ wto ^ Si" 1 Con,aminated 

SSS probably performed differently than had they not been contaminated. 

Pos, Exposure Effects. The possibility tot “^“^1^ ™^^e changer 

degraded after die spacecraft was return films flown on gTS-8 in 1983 had changed 

Post Retrieval Symposium, we reported that tw Additional information on these 

significandy in appearance since Workshop ’91 (13). One of the films flown on STS- 

two films was presented a * * e L DEF Maten^s P £ J LDEF. By visual inspection, 

deintegrated from LDEF in Spring 1990. 

Selected Ag/FEP Teflon thermal blanket specimens have changed in^ 

Figure 25 shows photographs of a micrometeoroid impact on a thermal blanket Jwn on ^Row 11. 

Both photographs were obtained on an ^ysSof LDEF materials began at 

photograph on the left was again in 
the Langley Research Center. The same specime , . pi 25 w iu reV eal that cracks on 

STvapOTdeposited silver^id^ofto'diennal blank. material had continued to form and intensify. 
The aged specimen had also become duller in appearance. 

Thus, some n^^^aTmkhmtisms asMciated 

^™^^^ n °^^^^t^dimng Aetnt^al™tw«n whenfihesp^men was^Mn^m'EMSkid 

when it w“aS$S* In reboot, 

n 

would have strengthened our understanding in this particular area. 

3.6 A Perspective 

feceSTr^^ 

weight data for two 10-month exposed experimental polyimide films. 
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I IV VT^nH°Rrrp f ? ne ’ £ olyStyren f’ 311(1 P ol y imide specimens were extensively characterized by 

srs ^s^ssssa? 6 - and po, ~ da * has ^ “ — 

environment's, 1 ? if^ff ? 3 benchm ^ l ° calibrate the ground-based simulation of LEO space 
raonmental effects. ff effects on materials described in this report can be simulated then the same 
condmons can be used to simulate the effects of LEO exposure oh new and emerging p'ol™eric 

be better S^toSd" sS y pllc “ S .y. ner g istic and accelerated effect! maySso then 

twrnS to 1' S i h understan ding will significantly enhance our ability to predict the long- 
term performance of polymeric materials in low Earth orbit. ® 


4.0 CONCLUDING REMARKS 


of I FnSirn 1 StUd ! e f 1 0 dicate LDEF to be the definitive source for long-term exposure verification 
cL L S P n 7 ^ F men ef ? CtS on .P ol y men c materials. A wide variety of materials has been 
characterized Exposure to atomic oxygen led to changes in the physical appearance of most flight 

cmsXS m d hS Ctl0n . S m s ® lected 1 mechanical properties. Other environrantal effects are § 
affrihnSr! nf pri ??! y Su ? ace phenomena. Changes in various molecular weight parameters, 
to uItra ^ lole ^ degradation, were documented for several soluble polymers. Many 

° n , 0r nCar Row 9 Were lost t0 increased A0 erosion near 
x Jf 1 ® LDEF mission. An ubiquitous sihcon-contaimng contamination likely affected the 

behavior of many polymeric matenals. Finally, the possibility that selected LDEF polymers have 

changed smee they returned to Earth in January 1990, was addressed. polymers nave 

. , Long Duration Exposure Facility provided a once-in-a-career opportunity for the first- 

r ° f effects ? f lon g- term space exposure on a variety of polymeric materials. As a 
T spac f environmental effects has taken a forward leap past pre-LDEF levels of 

lowKX^’ data aqU1Sm0n ’ modelin8 ’ and understanding of degradation mechanisms in 
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TAB! c I ANTICIPATED environmental effects 
table pQp polymeric materials 

C^ er yic^iodification to molecular stmcture 
• Molecular weight/distribution change 

. Changes in surface chemistry 
Physical 

. Resin loss/erosion 
. Dimensional changes (C l fc ...) 

Optical Chang0 in transparency 

• os/e 

• Contamination 

^ in ctrenath. modulus, toughness ... 


TABLE II. RECOMMENDED CHARACTERIZATION 


Chemical 

Solution property measurements 

• Gel permeation chromatography (GPC) 

. Low Angle Laser Light Scattering (LALLS) 

• Ditterential Viscometry (DV) 

• Osmometry 

. GPC/LALLS. GPC/DV 

• High Pressure Liquid Chromatography (HPLC) 
Spectroscopy 

• Fourier transform infrared spectroscopy 
. UV-V1S-NIR 

• Mass Spectroscopy (SIMS) 

• Magnetic resonance 

• Thermal emittance 


Physical 

Thermal/thermomechanical 

• Thermomechanical Analysis (TMA) 

• Dynamic Mechanical Analysis (DMA) 

• Differential Scanning Calorimetry (DSC) 

• Thermogravimetric Analysis (TGA) 

C^rface Analysis /ccr . 

• X-Ray Photoelectron Spectroscopy (fcbUA) 

• Energy Dispersive Spectroscopy (EDAX) 

. Scanning Electron Microscopy (SEM) 

. Scanning Tunneling Microscopy (STM) 


to environmental exposure 


Objective: Molecular level response 


TABLE III. LDEF POLYMERIC MATERIALS 


Composites: 

a P1700/C6000 Polysultone 
a 934/T300 Epoxy 
a 5208/T300 Epoxy 
b PMR-15/C6000 Polyimide 
b LARC-160/C6000 Polyimide 


High Performance Polymers: 

Polyimide- Polysiloxane Copolymer 
BTDA-ODA Polyimide 
BTDA-ODA-AI^ Doped polyimide 
6F-DDSO2 Soluble polyimide 
6F-BDAF Soluble polyimide 
PMDA-DAF Polyimide 


Films: 

a FEP Teflon 
c Silvered FEP Teflon 
a Kynar Fluorocarbon 
a P1700 Polysulfone 
^Kapton Polyimide 

'Traditional Polymers: 
Polystyrene 
Polyvinyl toluene 
Polytetrafluoroethylene 
Polymethylmethacrylate 
Nylon 

Polyethylene terephthaiate 


°Polyetheretherketone (PEEK) Various Silicones 

9 Polyurethane 

Source: a W. Slemp, PI, Expts. A0134/S0010 (B9). 

R. Vyhnal, PI, Expt. A0175 (A1 and A7). 

‘ LDEF MSIG (various LDEF locations). 

J. Whiteside, PI, Expt. A0133 (H7) 
e W. Slemp and A. St. Clair, PI, Expt. S0010 (B9) 

J. Gregory, PI, Expt. A01 14 (C9/C3). 

8 A. Whitaker, PI, Expt. A0171 (A8). 


TABLE IV. 


MOLECULAR STRUCTURE OF 10-MONTH 
EXPOSED POLYIMIDE FILMS 


SAMPLE 

STRUCTURE 

COLOR 

6F-BDAF 


pale yellow 

6F-DDSO2 


colorless 

PMDA-DAF 

lu » 1 

T 

reddish-yellow 

BTDA-ODA 

/n 

yellow 

BTDA-ODA-AI 3+ 

BTDA-ODA + Al(acac) 3 

brownish-yellow 

KAPTON 

/ 1 ? \ 

yellow 



TABLE V. XPS ANALYSIS OF 934/T300 COMPOSITES 


Photopeak 
C Is B.E.® (eV) 
A.C. b (%) 
O Is B.E. (eV) 
A.C. (%) 
S 2p B.E. (eV) 
A.C. (%) 
N Is B.E. (eV) 
A.C. (%) 
Si 2p B.E. (eV) 
A.C. (%) 
Na Is B.E. (eV) 
A.C. (%) 
F Is B.E. (eV) 
A.C. (%) 

a Binding Energy, 
d No Significant Peak. 


Control 
285.0 ... 292.3 C 

68.9 

531.5/532.7/533.9 

18.1 

168.4 

1.1 

399.9 

3.4 

103.2 

1.0 

1072.2 

2.0 

689.3 

5.5 

b Atomic Concentration. 


10-Month 
Exposed 

283.6 ... 289.7 
73.3 

531.3 ...534.0 
18.8 
168.6 
0.8 

399.6 
5.5 

103.7 
0.9 

NSP“ 

NSP 


5.8-Year 
Exposed 

283.9 ... 288.5 
72.1 

531.1/532.5/534.8 

19.7 

170.0 
0.9 

400.6 

0.8 

104.0 
6.4 


NSP 


Multiple Peaks. 


TABLE VI. GLASS TRANSITION TEMPERATURE* 



PI 700/C6000 

1 

164 

164 

PI 700 

P1700/C6000 

2 

171 

171 

PI 700 

PMR-15/C6000 

3 

343 

342 

PET 

LaRC-1 60/C6000 

4 

356 

357 

PEN-2.6 

5208/T300 

2 

214 

215 

6 F-BDAF 

934/T300 

1 

202 

209 

6 F-DDSO 2 


Exposure Conditions: 

1 . 10 -Month LDEF, Row 9, Tray B 

2. 5.8-Year LDEF, Row 9, Tray B 

3. 5.8-Year LDEF, Row 7, Tray A 

4. 5.8-Year LDEF, Row 1, Tray A 

5. STS-46 E01M-HI, 40 hr RAM 

6. 5.8-Year LDEF, Row 3, Tray C 

7. STS-8 EOIM-II, 40 hr RAM 

8. 5.8-Year LDEF, Row 8, Tray A 


PMDA-DAF 

BTDA-ODA 

BTDA-ODA-AP+ 

PEEK 

Polystyrene 

Polystyrene 

Polyvinyl toluene 

Polymethyl- 

methacrylate 


1 

5 

6 

7 
1 
1 
1 
1 
1 

8 

5 

6 
6 
6 


184 

185 
85 
131 
259 

270 
331 

271 
295 
164 
99 
92 
85 
119 


184 

185 
86 
131 
255 
273 

269 

290 

166 

97 

93 

85 

119 


•Thermomechanical Analysis 


TABLE VII. MOLECULAR WEIGHT OF LDEF-EXPOSED 

PI 700 SPECIMENS 

Film 1 Solubility 2 M n M* M z M w /M n 3 iv 


Control 

100 

18,100 

10 month, edge 

96 

12,700 

10 month, center 

87 

12,500 

Composite 

% Resin 


Control, top ply 

30.3 

15,800 

10 month, top ply 

27.5 

14,300 

5.8 year, top ply 

32.9 

15,400 


1 Solubility in Chloroform, % 

2 Ail molecular weight in grams/mole 

3 Intrinsic viscosity, dL/g 


53,600 

92,600 

2.97 

0.48 

73,500 

183,000 

5.77 

0.47 

90,900 

326,000 

7.27 

0.49 


57,400 

100,600 

3.62 

0.43 

61,200 

115,600 

4.28 

0.39 

57,300 

99,800 

3.71 

0.45 


TABLE VIII. MOLECULAR WEIGHT OF LDEF-EXPOSED 

POLYSTYRENE 


Experiment 

Origin 

Sample 

1 Solubility 

LDEF, Row 3 

‘UAH. 

Control 

95 


30 mil 

Exposed 

95 

LDEF, Row 9 

‘UAH, 

Control 

100 


30 mil 

Exposed 

90.6 


1 Solubility in Toluene, % 

All molecular weight in grams/mole 
Intrinsic viscosity in dtVg 

4 University of Alabama in Huntsville, John C. Gregory, PI. 


Z M n 

Mw 

Mz 

Mw/Mn 

3 IV 

79,900 

289,900 

754,200 

3.63 

0.68 

65,700 

410,500 

1,422,000 

6.25 

0.77 

69,300 

310,000 

1 ,099,900 

4.47 

0.74 

57,600 

474,500 

1 ,903,000 

8.24 

0.85 
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TABLE IX. MOLECULAR WEIGHT OF LDEF-EXPOSED POLYIMIDE FILMS 

SAMPLE 1 SOLUBILITY J M« M. M, M " /M " LV. 


6F-BDAF 


Control 

98.8 

85,600 

218,000 

710,000 



87,500 

218,000 

659,000 

‘Edge 

98.7 

76,500 

212,000 

767,000 



84,000 

225,000 

800.000 

5 Center 

96.8 

80,500 

219,000 

651,000 

6F-DDS02 





Control 

94.5 

66,900 

181,000 

438.000 



46,500 

176,000 

407,000 

4 Edge 

86.8 

80,700 

302,000 

904,000 


76,200 

309,000 

966,000 

5 Center 

60.9 

41 ,800 

306,000 

1,110,000 



52,200 

274,000 

802.000 


2.54 

2.49 

2.77 

2.68 

2.72 

2.70 

3.79 

3.74 

4.06 

7.32 

5.25 


0.829 

0.816 

0.846 

0.805 

0.824 

0.715 

0.732 

1.048 

1.042 

0.619 

0.598 


1 Solubility in DMAc, % 

2 All molecular weight in grams/mote 

3 intrinsic Viscosity. dUg 

* Shielded from direct exposure 
5 10-month direct exposure 


TABLE X. XPS 
POLYIMIDE 


ANALYSIS OF 10-MONTH EXPOSED 
-POLYSILOXANE COPOLYMERS 


PIPSX-6 
CONTROL 


PIPSX-9 


PIPSX-11 


EXPOSED 

CONTROL 

EXPOSED 

CONTROL 

285.0/286.1 

284.7 

284.6 

285.0/286.5/288.6 

15.5 

54.4 

16.8 

69.2 

532.9/533.8 

532.5 

533.0 

532.2/533.7 

53.8 

23.7 

52.4 

19.2 



— 

— 

400.4 

NSP d 

NSP 

NSP 

2.5 

103.8 

102.2 

103.4 

102.2 

27.1 

21.6 

30.8 

9.2 


exposed 


C 13 B.E.* (eV) 2 85 . 0/287. S/288. 7 
A.C* {%) 

O IS B.E. (eV) 

A.C. (%) 

N is B.E. (eV) 

A.C. (%) 

Si 2p B.E. (eV) 

A.C. (%) 

F is B.E. (eV) 

A.C. (%) 

Na is B.E. (eV) 

A.C. (%) 

Cl 2p B.E. (eV) 

A.C. (%) 


57.5 

532.6 
23.4 

400.1 

1.6 

102.6 

17.6 


NSP 


1073.1 

2.1 

200.1 
1.3 


Binding Energy 


b Atomic Concentration 


c Multiple Peaks 


NSP 


19.0 

532.7/533.8 

53.0 

NSP 

103.6 

28.0 

NSP 


a No Significant Peak 




(a) Atomic Oxygen Fluence Summary 


(b) Equivalent Sun Hours Summary 


Yaw: 8.1 degrees 
Pitch: 0.8 degress 
N: 0 


1.33E+ 21 7.2 2E+19 

3.56E+21 (fc 2.92E+17 

. 1.54E+17 


1.54E+17 



5.45E+2i 

Ram direction: 3.39E+2r 

9.090+21 atoms per sq cm 1.16E+2TT94E+19 


Yaw: 8.1 degrees 
PHch: 0.8 degress 
Roll: 0 degrees 


7,600 ^ 


6.900 7,000 


r,soo 


8,600 j 


.8,500 


9,700 , 


r Row 11 


1.43E+17 


10,700 i 

f ^ 

W Row 10 « 

\ 10^00 

llJ2E+17 

Z-Axta 

(Ram 

11,100 H 

r 1 

_ . . Row 3 

Earth end view 

lll.lOO 

J2.66E+Q3 

— vector) — rr— 
8.1 degreeef 


i Row 9 Earth end bays: 4,500 

jii^oo 

7 2.31 E+05 

JJ — 

10,500 \ 

1 SpBCO 0nQ DaySt iH,wUU 

• Row 4 k 

V*. J 

F 10,400 


9,400^LRow 8 
8 , 20 ^ 

Equivalent sun hours 7 ^ 

Summation: 

Solar form factor x Hours + 

Earth form factor x Albedo x Hours 


Row 5 


9,400 


Row 6 
6.6d0*T500 


7,200 


(c) Integrated 5.8-Year Parameters 

Thermal Cycles: 

~34,000 (-20 to 160°F, ±20°) 
Particulate Radiation: 

e and p + : 2.5 x 10 5 rad 
Cosmic: <10 rad 
Micrometeoroid and Debris: 

34,336 Impacts (0.5mm - 5.25mm) 
Vacuum: 10 -6 - 10 7 torr 
Altitude/Orbital Inclination: 

255-180 n m/28.5 0 


(d) Selected 10-Month Parameters 

Atomic Oxygen: 

2.6 xIO 20 atoms/cm 2 
UV Radiation: -2,300 hrs 
Thermal Cycles: -4,900 (-20 to 140°F) 
Particulate Radiation: -4 x 1 0 4 rad 
Micrometeoroid and Debris: 

No Visual Impacts on Test 
Specimens 


Figure 2. 


LDEF environmental exposure parameters. 


a) atomic oxygen fluences at end of 5.8-year mission for all row longeron, and end-bay 
locations including the fluence received during the retrieval attitude excursion (30). 


(b) equivalent sun hours at end of 5.8-year mission for each row, longeron, and end-bay 
location (31). 


(c) additional integrated 5.8-year exposure parameters. 

(d) selected 10-month exposure parameters. 
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(a) F4 thermal blanket 



(b) E10 thermal blanket 


Figure 3. On-orbit retrieval photographs of (a) F4 and (b) E10 silvered FEP teflon thermal 
blankets. 
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(a) leading edge 0>) trailing edge 

Figure 4. SEM photomicrographs of exposed Kapton film. 



(a) control (b) 10-month exposure 

Figure 5 . SEM photomicrographs of control and 10-month exposed polysulfone film. 



100 


80 


80 


40 


20 




BTDA-00 A- Al 3 -“^ 


6F-BDAF — \ 


PMOA-DAF — 


KAPTON — \\V\ 


BTDA-OOA — A\V 

\ > 

SF-ODSOj — \V\V 

% 


200 300 400 500 

WAVELENGTH, nm 


800 


(b) exposed 


Figure 6. UV-VIS spectra of 10-month exposed polyimide films. 
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10-month 5.8-year 


Figure 10. 


SEM photomicrographs of 934AT300 epoxy/graphite composites after 10-month and 
5.8-year LDEF exposures. 



Figure 11. SEM photomicrographs of 5208^300 epoxy/graphite [±45]s composite after 5.8-year 
exposure. 
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Ultimate 

tensile 

strength, 

MPa 


200 


Baseline 



Langley 

control 

Flight 

control 

Flight 

exposed 


PI 700/ PI 700/ 934/T300 934/T300 5208/T300 

C6000 C3000 (145g/m 2 ) (95g/m 2 ) 


Sample 


Figure 1 2. Effects of 5.8 years of LDEF flight exposure on tensile strength of composite materials. 


Tensile 

modulus, 

GPa 


20 


15 


10 


0LJ 




PI 700/ 
C6000 


I 




PI 700/ 
C3000 


934/T300 934/T300 5208/T300 
(145g/m 2 ) (95g/m 2 ) 

Sample 


Baseline 

Langley 

control 

Flight 

control 

Flight 

exposed 


Figure 13. 


Effects of 5.8 
materials. 


years of LDEF flight exposure on tensile modulus of composite 
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TMA 


300° C ISOTHERMAL TGA 




-FTIR 



SOURCE: R.F. VYHNAL 


Figure 14. Characterization of PMR-15/C6000 polyimide composites. 

IR 



Figure 15. DR-FTIR spectra of LDEF-exposed P1700/C6000 polysulfone composite. 
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Exposed Composite 
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Figure 16. Photograph and SEM photomicrographs of 5.8-year exposed 934/T300 epoxy 
composite. * * 


Exposed Composite 


“ **»*% 


Scanning Electron Microscopy 


L % 




Energy Dispersive Spectroscopy 

J*«SI ' J 





X-Ray Photoelectron Spectroscopy 

Control Exposed Gray Ash 

Photopeak Energy^fv Conc!!% Conc!!% Conc!% 


13.1 (Na + 

7.4 (S0 4 
0.5(F) 

6.5 

0.4 (SnC 


CIs 

285.0 

88.6 

72.0 

01s 

532.6 

18.1 

19.6 

NIs 

399.9 

3.4 

0.8 

Na Is 

1072.2 

2.0 

S2p 

168.4 

1.0 

0.8 

FIs 

689.3 

5.5 


Si 2p 
Sn 3d 5 

103.2 

1.0 

6.3 


Figure 17. Characterization of 934/T300 epoxy composite 





240x 


X-Ray Photoetectron Spectroscopy 

Photopeak 

CIs Ols Nls S2p Si2p Nals FIs 



i 1 mm spot size 


Figure 18. Characterization of 5208AT300 epoxy composite. 
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EXPOSURE TIME, DAYS 


Figure 20. Approximate LDEF cumulative atomic oxygen fluence as a function of exposure time. 



WAVENUMBER, cm~1 


Figure 2 1 . DR-FTIR subtraction spectrum of 1 0-month exposed polysulfone film. 
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WEIGHT 

FRACTION 



Figure 22. GPC-DV molecular weight distribution of 10-month exposed 6 F-DDSO 2 film. 


Scanning Electron Microscopy 



Thermal Gravimetric Analysis 


0 

Weight 10 
Loss 20 

0/0 00 

40 


Exposed 


/■ 


Unexposed 


dT/dT= 2.5 °C/min 
atm= air 



u 


"65 130 195 260 455 390 325 

Temperature, °C 



X-Ray Photoelectron Spectroscopy 

Sample CIs Ols Si2p 


Unexposed 

Exposed 


ipF 285.0 532.6 1025 

2A.C. 56.0 215 222 

B.E. 285.0 532.7 1025 

A.C. 498 285 218 


1 . Binding Energy, eV 

2. Atomic Concentration, % 


Figure 23 . Characterization of RTV-5 1 1 silicone. 
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EXPERIMENT DESIGN 


X-RAY PHOTOELECTRON 
SPECTROSCOPY 
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BASE PLATE- 




-WVEMTTO 
EXPeBtMEMT TRAY 


Phot? Peaft Binding Energy f eVl Atomic Cone. (♦' 
mHECT EXPOSURE SIDE 


C is 

284.6 
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0 is 

529.3/532.5 

54.5 

n 4f 7, 5 

118.0/122.3 

9.2 

I 3d 5, 3 
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0.5 

SI 2p 

102.9 

20.0 

Mfi QLRSCT EXPOSURE (VENTED) 


C is 

284.6 

36.1 

0 is 

529.5 

36.3 

n 4f 7, 5 

118.6/123.1 

23.2 

1 3d 5 f 3 

618.7/629.5 

1.1 

SI 2p 

101.9 

3.3 

CONTROL 

C is 

284.6/286.5 

42.2 

0 is 

533.0 

21.7 

T! 4f 7, 5 

118.3/122.7 

25.8 

1 3d 5, 3 

619,0/630.5 

10.1 

SI 2p 

— 




April 1990 



November 1991 


Figure 25. Photographs of micrometeoroid impact on Ag/FEP teflon thermal blanket ( 100X). 
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